Fishing activities have broad impacts that affect, although not exclusively, the targeted stocks. These impacts affect predators and prey of the harvested species, as well as the whole ecosystem it inhabits. Ecosystem models can be used to study the interactions that occur within a system, including those between different organisms and those between fisheries and targeted species. Trophic web models like Ecopath with Ecosim (EwE) can handle fishing fleets as a top predator, with top-down impact on harvested organisms. The aim of this study was to better understand the Icelandic marine ecosystem and the interactions within. This was done by constructing an EwE model of Icelandic waters. The model was run from 1984 to 2013 and was fitted to time series of biomass estimates, landings data and mean annual temperature. The final model was chosen by selecting the model with the lowest Akaike information criterion. A skill assessment was performed using the Pearson's correlation coefficient, the coefficient of determination, the modelling efficiency and the reliability index to evaluate the model performance. The model performed satisfactorily when simulating previously estimated biomass and known landings. Most of the groups with time series were estimated to have top-down control over their prey. These are harvested species with direct and/or indirect links to lower trophic levels and future fishing policies should take this into account. This model could be used as a tool to investigate how such policies could impact the marine ecosystem in Icelandic waters.
Introduction
Fisheries affect targeted stocks, as well as the whole ecosystem. Fisheries can have negative effects due to maximizing stock profitability. These include damage to the habitat and impacts to predators and prey of the fished species (Pikitch et al., 2004) . The need for fisheries management arose from overexploitation of fish stocks. Since they were first developed, different measures of fisheries management have been employed across systems and their effectiveness has been previously studied (Stefansson and Rosenberg, 2005) . Fishing policies, or lack thereof, have not always prevented overexploitation (Cook et al., 1997) .
Fisheries management strategies have had a tendency to focus on a single species and not on wider, more realistic multi species scenarios (Hanna, 1999; Pikitch et al., 2004) . Ecosystems harbour different species within them, which interact with each other and with their environment. The species in a given system are connected through trophic links and other types of ecological interactions. Ecosystem models can be used to gain better understanding of the underlying dynamics within a system. Trophic links in particular can be studied using food web models, also referred to as trophic models. When a system is harvested, the interaction between the targeted species and the fishing fleet is introduced in the system. In this case, fishing fleets can be handled by food web models as a top predator which interact with targeted stocks through top-down trophic control.
A widely used food web model is Ecopath with Ecosim (EwE; Christensen and Pauly, 1992; Walters et al., 1997; Pauly et al., 2000; Walters et al., 2000) . Typical uses of EwE include answering ecological questions, quantifying trophic flows and studying the food-web structure and investigating potential impacts of fisheries on ecosystems. EwE has also been used as a fisheries management scenarios evaluation tool (for a complete overview on EwE capacities and limitations see Christensen and Walters, 2004) .
Two EwE models for Icelandic waters had previously been published (Buchary, E.A.; Mendy, A.N. and Buchary, E.A., in Guénette et al., 2001; Mendy, 1998 ). The earlier model (Buchary, E.A. and Mendy, A.N. in Guénette et al., 2001; Mendy, 1998) modelled the trophic web in Icelandic waters in the year 1997 and did not include Ecosim. The latter model (Buchary E.A. in Guénette et al., 2001 ) was a reconstruction of the food web in Icelandic waters in 1950 and included a dynamic component that simulated the trophic dynamics between 1950 and 1997. These models did not cover more recent dynamics nor were they evaluated using a skill assessment. Other work on trophic interactions in Icelandic waters include specific predator-prey interactions (Stefansson et al., 1998) , isotope analyses of organisms in the Icelandic sea (Petursdottir et al., 2012) and end to end modelling of the marine ecosystem (Sturludottir et al., 2018) .
The marine environment around Iceland has been exploited for centuries. In the 20 th century, fisheries were the main source of income in Iceland (Popescu and Poulsen, 2012) . Economically important species include demersal fish such as cod (Gadus morhua), saithe (Pollachius virens), haddock (Melanogrammus aeglefinus), redfish (Sebastes spp.) and Greenland halibut (Rinhardtius hippoglossoides), as well as pelagic species such as herring (Clupea harengus), capelin (Mallotus villosus) and, in later years, blue whiting (Micromesistius poutassou; Astthorsson et al., 2007) .
The aim of this study was to gain better understanding of the ecosystem in Icelandic waters by using EwE to model the trophic interactions between species in the ecosystem, as well as the interactions between fisheries and targeted species. The aim was also to evaluate the performance of the model with a skill assessment.
Methods

Study area
Iceland is an island located in the North Atlantic ocean, at the junction of the Middle Atlantic Ruidge and the Greenland-Scotland ridge (Astthorsson et al., 2007) . Its exclusive economic zone (EEZ) spans an area of 758 000 km 2 (Popescu and Poulsen, 2012) ( Figure 1 ). This area includes the continental shelf around Iceland. The Icelandic waters harbour organisms ranging from phytoplankton to marine mammals, as well as sea birds. Some of these are differently distributed along the ecosystem in Icelandic waters, due to different water salinity and temperature between the southern and western areas and the northern and eastern parts (Astthorsson et al., 2007) . The southern and western areas have warm and saline Atlantic water, while the water in northern and eastern areas is a mix of Atlantic, Arctic and Polar water (Malmberg and Jonsson, 1997; Jonsson and Valdimarsson, 2005; Astthorsson et al., 2007) . The different habitats resulting from this difference in water composition is exploited by some species, including commercially important fish stocks. These spawn in southern and western waters and feed off northern and western waters (Astthorsson et al., 1994 (Astthorsson et al., , 2007 .
Mass-balance model
To study the marine ecosystem of Icelandic waters, EwE (Christensen and Pauly, 1992; Walters et al., 1997; Pauly et al., 2000; Walters et al., 2000) was chosen as a tool to give a simple overview of the entire system. EwE is composed of two modelling stages, Ecopath and Ecosim. Ecopath is the mass-balance part of EwE and its master equation is as follows:
Here, B i is the biomass of functional group i, (P/B) i is the production to biomass ratio, equivalent to total mortality (Z) in closed systems and corresponding to the sum of natural mortality (M ) and fishing mortality (F ), B j is the biomass of predator j, (Q/B) j is the consumption to biomass ratio of j, DC ij is the proportion of i found in the stomach of j, Y i is the yield, E i is the net migration, BA i is the biomass accumulation and EE i is the ecotrophic efficiency, which corresponds to the production of i explained by the model. F is calculated in Ecopath as the ratio Y /B.
Functional groups
The Icelandic Ecopath model was comprised of 35 functional groups, of which six contained two stanzas each. The most relevant species of phytoplankton, zooplankton, invertebrates, fish, marine mammals and sea birds were included in the 35 functional groups used in the EwE model here presented (Table 1). Species were chosen as multi-stanza and/or individual functional groups depending on their economical importance and/or their role on the ecosystem and available biomass estimates and/or landings data. The aggregation of different species in a single functional group was based on species type and habitat use (Table A .1).
Commercial species were targeted by a single fishing fleet, without discrimination regarding fishing gear. In multi-stanza groups, B, P/B and Q/B have to be inserted for the leading stanza, whereas only P/B needs to be inserted for all stanzas. Even though P/B and Q/B can be estimated, it is highly recommended that both are part of the input. The assumption of a closed system was made when modelling the marine ecosystem in Iceland. In a closed system, there is no BA nor E, thus these values were set to 0.
Ecopath was set up for the year 1984 and the input biomass and landings corresponded to estimates for this year or for the next year with available data. A comprehensive list of the literature used can be found in Table 2 . Kleisner and Hoornaert (2016) No biomass was found for functional groups dogshark, skate rays, sandeel, large pelagic, small pelagic, flatfish, other demersal, lobster, shrimp, benthos, jellyfish and both zooplankton groups. Since these were not harvested in Iceland in 1984, it was not possible to estimate biomass and as such the EE was used instead. The EE of dogshark and skate rays was set to 0.500. For all remaining groups, EE was set to 0.950. The choice of EE values was made based on recommendations in the literature (Heymans et al., 2016) .
Diet composition
Stomach content data of most fish groups was provided by the MFRI (Institute, 2014) and then transformed into diet composition using R (R Core Team, 2016), to be later used in Ecopath. Diet composition of all other groups, as well as of small pelagic fish, other demersal fish and invertebrates was set according to the literature (Table 3) . Gunnarsson et al. (1998) 
Model balancing
After initialising Ecopath for the first time, two groups had EE > 1. These were functional group herring 0-3 (EE = 1.201) and capelin (EE = 2.328). In order to balance the model, P/B of the herring 0-3 group was raised from 0.490 to 0.570 and the EE was set to 0.950 for capelin. The latter decision was based on the hypothesis that capelin biomass has been underestimated in assessments (Magnússon and Pálsson, 1989 ). According to a study by Magnússon and Pálsson (1989) , assessments of capelin biomass have to be approximately doubled to explain consumption by predators.
Dynamic model
Ecosim is the dynamic part of the EwE modelling suite (Walters et al., 1997 Christensen and Walters, 2004) . Ecopath estimates are used as initial values in Ecosim, which runs a simulation for a user-defined period. The Ecosim model presented here had a time span of 30 years. Ecosim uses a system of differential equations to give a time series of simulated biomass and landings:
Here, dB i /dt represents the rate of change in biomass of functional group i, described in terms of its biomass, B i , g i is net growth efficiency (P/Q), Q ji is the consumption of j by i, Q ij is the predation by j on i, M 0 i is the mortality not explained by the model, F i is the fishing mortality rate, e i is the emigration rate and I i is the immigration rate.
Consumption in Ecosim is calculated based on the foraging arena theory (Walters et al., 1997; Ahrens et al., 2012) , in which the biomass of the prey is split into vulnerable and non-vulnerable pools. Consumption is computed as:
Here, v ij is the vulnerability of prey i to predator j, a ij is the rate of effective search of i by j, T i is the relative feeding time of i, T j is the relative feeding time of j, S ij is the representation of seasonal or long-term forcing effects, M ij represents mediation forcing effects and D j is the impact of handling time as a limit to consumption.
Model fitting
Ecosim benefits from reference temporal data used to calibrate the model. This reference data includes biomass and/or landings. In addition, biomass, landings, F and environmental variables can be forced to drive the model. To calibrate the model, a time series of both forced and reference values was used (Table 4 ). Biomass forcing was used for mackerel. Numbers of mackerel have been increasing in Icelandic waters since around 2007 (Astthorsson et al., 2012) . Initial biomass of mackerel was set to low values (0.200 t.km −2 ), as new functional groups cannot be introduced in Ecosim. The invasion by mackerel was then simulated by forcing its biomass from 2005 on. This was the chosen method to handle the increasing numbers of mackerel in the ecosystem as a method to simulate species invasion in EwE. Average annual temperature was used as forcing function for PP. The time series was provided the MFRI (Institute, 2014) .
The model was fitted to the time series by conducting anomaly and vulnerability searches. The former reduced the total sum of squares (SSQ) by adjusting the forcing function on PP, while the latter reduced SSQ by adjusting vulnerability parameters. In EwE, the anomaly search uses spline regression to search for time series values of annual relative PP that could explain productivity shifts impacting biomass across the ecosystem (Christensen et al., 2008) . Anomaly searches using 5, 10, 15 and 20 spline points were conducted and model selection was done using the Akaike method (Akaike, 1974) . The Akaike method for model selection uses the Akaike information criterion (AIC) as a measure of model how well the model fits to the data considering the number of parameters and the lower the AIC, the better the model (Akaike, 1974) .
Skill assessment
A skill assessment of the model was done using three measures suggested by Stow et al. (2009) . These were the Pearson's correlation coefficient (r), the squared Pearson's correlation coefficient or determination coefficient (R 2 ), the modelling efficiency coefficient (MEF; eq. 4) and the reliability index (RI; eq. 5). The model efficiency coefficient and the reliability index are described as:
And:
Here, n is the number of observations, O i is the ith of observation,Ō is the average of the observations and P i is the ith prediction.
The correlation coefficient, r, can range from -1 to 1. An r value of 0 indicates no correlation, whereas values of 1 indicate that the simulated and reference values variate with an equal trend. Negative r values indicate inverse variation between simulated and reference values. MEF can vary between −∞ and 1. Negative values of MEF indicate that the model has a worse fit to the data than an average through the time series; M EF = 0 indicates that the model has an equal fit to an average through the time series; and M EF = 1 indicates that the model perfectly fits to the time series. Models with negative MEF can still be useful, if r is positive. Negative MEF values could be due to differences in magnitude between simulated and observed values, despite the simulations following the same trend as the observations. Finally, RI is a measure of the difference in magnitude between simulated and reference values. It varies between 1 to +∞ and a value of 1.5 would indicate that the model simulates the reference values with a 50% difference in magnitude.
Results and Discussion
Mass-balance model
The estimated biomass for capelin in 1984 was 4 681 408 tonnes, 2.4 times higher than MFRI estimates for that year (Institute, 2014) . These results are consistent with a previous study by Magnússon and Pálsson (1989) , in which the authors hypothesised that capelin biomass was being grossly underestimated in the assessments and should be approximately doubled in order to explain the amount of capelin that is being consumed by predators.
The combined predation mortality of cod on capelin accounted for 31% of M of capelin (M = 0.311; total M = 1.014). Blue whiting had the second highest effect on capelin M , with its predation mortality on capelin accounting for 22% of M (M = 0.224).
Dynamic model
Overall, the Ecosim model performed in a satisfactory manner when replicating previously known dynamics (Table 6 and Figures 2 and 3) . The anomaly search using 10 spline points resulted in the fit with the lowest AIC Table 5 . The anomaly search on the final model was thus done using 10 spline points. When fitting the model to the time series of biomass and landings by estimating the vulnerability parameters, the original fit (SSQ = 84.80) was improved by 4% (SSQ = 81.56). After the addition of temperature as a forcing function of PP to the time series of biomass, F and landings, the original fit was improved by 16% (SSQ = 71.04). Considering these results, temperature was included in the final model as a forcing function of PP. The best fit was achieved when annual temperature was included in the model, suggesting that fisheries alone cannot explain the Icelandic marine ecosystem. Temperature is considered to be one of the main determining factors in marine fish distribution (Sunday et al., 2012; Genner, 2016) . Cod has been shown to change its habitat use in the southern North sea according to surface temperature (Freitas et al., 2016) . Considering the fundamental role temperature plays in fish ecology, it is not surprising that the addition of temperature to the model resulted in a better fit. The skill assessment had overall satisfactory results (0.7 ≤ r ≤ 1; 0.5 ≤ R 2 ≤ 1; 0 < M EF ≤ 1; 1 ≤ RI ≤ 1.5; Table 6 ). There was a general tendency from the model to replicate the landings better than the biomass. With the exception of group haddock 3+, fitted biomass had higher R 2 values than fitted landings (Table 6 ). These results are unsurprising, as the landings were actual observations, while the biomass used were previous estimates by the MFRI (Institute, 2014) .
There were three groups (cod 4+, herring 4+ and blue whiting) for which the model had a worse fit for biomass than a straight line through the average of the reference values (M EF < 0; Table 6 ). The model performed poorly when predicting the landings of Greenland halibut 6+, capelin and commercial demersal fish as well (M EF < 0; Table 6 ). The MEF is sensitive to the difference between the simulated and the reference values (Eq. 4) and can be negative even when the R 2 is within reasonably good range (0.5 ≤ R 2 ≤ 1), as was the case of capelin landings ( Table 6 ). The model underestimated capelin landings with a difference in magnitude of approximately 100% (RI = 2.006; Table 6 ), which could account for the low MEF value.
The model was calibrated using biomass estimates from single-species assessments, as well as F calculated using those estimates. This method was chosen, as there were no biomass estimates from multi-species assessments available and because of how Ecopath internally computes F as Y /B. The use of biomass estimated by single species assessments in a multi-species context could have contributed to the poor skill assessments results observed for herring 4+ and redfish 8+ biomass, as well as for Greenland halibut 6+ landings. With the exception of mackerel, all groups had RI > 1.2, which indicates that the simulated biomass and landings varied at least 20% in magnitude in relation to the reference biomass and landings (Table 6 ). However, none of these differences in magnitude were constant through the simulations, indicating that there were no systematic errors (Figures 2 and 3) .
The skill assessment of mackerel caches shows optimal results for all measures (Table 6 ). These can be explained by the use of forced biomass for this group. Using forced biomass for mackerel in EwE can have consequences for the modelled trophic dynamics, as it could lead to over-fitting. Over-fitting the model can, in turn, lead to unnatural simulations of the groups with direct trophic links to this group. However, the use of fisheries and temperature was not enough to satisfactorily simulate the invasion by mackerel. 
Trophic flows
Ecosim uses a vulnerability scale of 1 to +∞, where v = 2 represents mixedtrophic control, v < 2 represents bottom-up control and v > 2, represents top-down control (Christensen et al., 2008) . The higher the vulnerability, the stronger top-down effect a predator has on its prey, this being relevant for values up to v = 100.
Of the groups with vulnerability parameters freed from default, only cod 4+ had v < 2 ( Table 7 ), suggesting that this group is affected by the abundance and/or availability of their prey, as contrast to acting as a controlling force over them. The groups capelin, blue whiting and commercial demersal had v = 1.979, v = 2.156 and v = 2.000, respectively (Table 7) , which suggests that these groups have mixed trophic control. The remaining groups had v > 100, suggesting top-down control from these groups over their prey (Table 7) . Only high TL predators (T L > 3; Figure 4 ) had their vulnerability parameters freed from default (Table 7) , as these were the only groups with time-series of biomass and/or landings available, and these usually are linked to their prey through top-down control. As such, it is not possible to speculate about which type of trophic control dominates the Icelandic marine ecosystem from this model. The vulnerability search was done by predator. When freeing vulnerabilities from default in this manner, it is assumed that how vulnerable a prey is to their predator depends mostly on the predator's foraging behaviour (Christensen and Pauly, 1992) . Conducting the vulnerability search by predator will thus lead to one vulnerability value for every predator-prey interaction of a given predator (Christensen and Pauly, 1992) . Assuming that a predator's foraging behaviour remains unchanged independently of the prey sought might not always depict reality. An example of this is cod, which was estimated to be affected by bottomup control (v < 2; Table 7 ) by this model. However, a previous study has shown that cod has top-down control over shrimp, but is affected by bottom-up control by capelin (Stefansson et al., 1998) . The vulnerability search method used prevents individual predator/prey pairs from having a unique vulnerability value. The vulnerability search was done in this manner as it was the only option available to restrict it to the groups with time series. 
Comparisson with other models
There were two previously published Ecopath models describing the Icelandic marine ecosystem in 1950 and 1997 (Buchary, E.A.; Mendy, A.N and Buchary, E.A., respectively, in Guénette et al., 2001; Mendy, 1998) . The model for 1950 included an Ecosim simulation, ran from 1950 to 1997.
In the 1950 study, the author constructed the model to be comparable to the Ecopath model for 1997 (Buchary, E.A. in Guénette et al., 2001 ). The 1950 model Ecopath was an attempt to reconstruct the ecosystem for that year (Buchary, E.A. in Guénette et al., 2001; Mendy, 1998) , by estimating the biomass for most functional groups. The author then used a time series of F and reference biomass (calculated as Y/F) of cod and herring to fit the model (Buchary, E.A. in Guénette et al., 2001) . No vulnerability search was done in this study and all vulnerabilities were set to 0.3 (Buchary, E.A. in Guénette et al., 2001) . There were differences between the input biomass and landings of the 1997 model (Mendy, A.N and Buchary, E.A. in Guénette et al., 2001; Mendy, 1998) and the simulations by the present model for the same year for most groups. It is reasonable to think that these discrepancies were due to different modelling assumptions such as modelled area and species density, as the differences are also found between the input data of the older model and the data sources for the current model.
Both the 1950 and 1997 models used 25 functional groups each (Buchary, E.A.; Mendy, A.N and Buchary, E.A., respectively, in Guénette et al., 2001; Mendy, 1998) in contrast to the 35 functional groups of the here presented model. The current model was more complete than the 1950 and 1997 models, as it included more detailed functional groups, a more complete time series than the one used in the 1950 model and because of it being fitted to the time series through vulnerability and anomaly searches. Furthermore, a skill assessment was carried out in the current model, which was not the case for the previous models.
Final remarks
It was estimated by this model that commercial fishes like haddock, redfish, Greenland halibut, flatfish and other codfish have top-down control over their prey. These being predators implies that their more or less heavy removal from the system could have serious implications for the ecosystem dynamics and should be taken into account by fisheries management authorities. Furthermore, mid trophic level species like herring and mackerel were also estimated to have top-down control over their prey. These species have a direct trophic link to lower trophic level organisms and their exploitation should surely take this into account.
The use of EE to estimate biomass in Ecopath, might raise concerns, as it is inversely related to biomass. An alternative to using EE could be using species density from other EwE models in neighbouring areas. However, using this method would imply assuming that either the marine ecosystem in Iceland would have the same physical, hydrological and biological dynamics as the neighbouring areas or that species density is independent of these. This would be an assumption with potentially serious consequences, as the distribution of species in marine systems is thought to be linked to biotic and abiotic factors (Genner, 2016) .
This model provides insight on the marine trophic web in Iceland and it could be used as a tool to investigate how different fishing policies could impact the trophic web dynamics in Icelandic waters. 
